The role of phosphatidylcholine (PC) in the biogenesis of mitochondrial outer membrane proteins is unknown. Results: PC is required for efficient biogenesis of mitochondrial ␤-barrel proteins. Conclusion: PC promotes function of the mitochondrial protein sorting and assembly machinery in the biogenesis of outer membrane proteins. Significance: PC and phosphatidylethanolamine affect distinct transport steps of mitochondrial ␤-barrel precursors.
␤-Barrel proteins are present in the outer membrane of Gram-negative bacteria and cell organelles of endosymbiotic origin like mitochondria and plastids of plant cells (1) (2) (3) (4) . In mitochondria ␤-barrel proteins fulfill various central functions. Tom40 forms the protein-conducting channel of the translocase of the outer membrane (TOM complex), 4 which allows import of the vast majority of precursor proteins into mitochondria (5) (6) (7) (8) (9) . The voltage-dependent anion channel (VDAC; Porin in yeast) transports metabolites across the outer membrane (10, 11) . The mitochondrial distribution and morphology protein Mdm10 is a core component of the endoplasmic reticulum (ER)-mitochondria encounter structure, which forms a molecular bridge between mitochondria and the ER (12) (13) (14) . Finally, Sam50 is the central subunit of the sorting and assembly machinery (SAM complex, also termed TOB complex for topogenesis of mitochondrial outer membrane ␤-barrel proteins), which is crucial for the biogenesis of several outer membrane proteins (3, 4, 8, 9, 15) .
All ␤-barrel proteins are synthesized as precursors on cytosolic ribosomes and recognized by the TOM receptors Tom20, Tom22 and Tom70 on the mitochondrial surface (16 -18) . After passage of the outer membrane via the Tom40 channel the precursors are delivered to the SAM complex (19, 20) . This transfer step is promoted by two different mechanisms. First, the TOM and SAM complexes form a supercomplex to enable efficient substrate channeling (21) . Second, small TIM chaperones of the intermembrane space bind to the precursors, probably to shield hydrophobic patches (21) (22) (23) . The SAM complex mediates folding and membrane integration of ␤-barrel precursors (21) . The protein machinery consists of three subunits: The ␤-barrel forming Sam50 (Tob55, Omp85) is the central component of the SAM complex and conserved from bacteria to human (20, 24 -26) . It associates with the peripheral subunits Sam35 (Tob38, Tom38) and Sam37 (Mas37, Tom37) (27) . Sam35 is crucial for initial binding to the incoming precursor via the conserved ␤-signal within the last ␤-strand of the precursor (28, 29) . Sam37 was reported to be important for the stability of the SAM complex and the release of the substrate proteins into the lipid phase (19, 29 -32) . Sam50 and Sam35 are essential for life, indicating the central role of ␤-barrel biogenesis for mitochondrial function (20, 24, 26, 33, 34) . Additionally, the SAM complex promotes the assembly of the ␤-barrel protein Tom40 with the small Tom proteins and Tom22 to form the mature TOM complex (30, 31, 35) . In particular, a subpopulation of the SAM complex that additionally contains Mdm10 is important for this assembly process (35) (36) (37) (38) (39) (40) .
The main phospholipids of mitochondrial membranes are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), and cardiolipin (CL). Mitochondria contribute to cellular lipid homeostasis by synthesis of CL and PE, which are not typical bilayerforming lipids (41). The biosynthetic pathway of CL is located within mitochondria (12, 42) . The PS decarboxylase (Psd1) of the mitochondrial inner membrane produces the majority of cellular PE in yeast cells (12, (42) (43) (44) (45) . Studies with yeast strains defective in CL or PE synthesis revealed that these non-bilayerforming phospholipids affect stability and function of several mitochondrial membrane protein complexes including the respiratory chain (46 -58) . CL and PE play crucial roles in protein import into mitochondria (42, 59) . First, CL and PE affect membrane-bound protein translocases of both mitochondrial membranes that drive protein transport processes (57, 60 -68) . Second, the decreased respiratory chain activity in CL and PE-depleted mitochondria leads to a reduced membrane potential, which in turn impairs protein transport into and across the inner membrane (46, 47, 57, 58, 63) . Surprisingly, studies on the role of CL and PE in the import of mitochondrial ␤-barrel proteins revealed distinct functions of both phospholipids. Although present in low amounts, CL affects ␤-barrel protein biogenesis by stabilizing TOM and SAM complexes (64) . In contrast, depletion of PE affects the transport of ␤-barrel precursors across the TOM complex, but does not lead to destabilization of TOM and SAM complexes (67) . Altogether, these studies revealed that non-bilayer-forming phospholipids are important for several central processes of mitochondrial biogenesis and function.
Whereas the role of non-bilayer-forming phospholipids for mitochondrial biogenesis was studied in some detail, the role of bilayer-forming phospholipids, especially of PC in these processes has not yet been investigated. PC is the most abundant phospholipid in both mitochondrial membranes (69, 70) . In yeast, two pathways localized in the ER produce PC for all cellular membranes. First, enzymes of the CDP-choline pathway (Kennedy pathway) utilize free choline to generate PC (42, 71) . Second, the two PE methyltransferases Pem1 (Cho2) and Pem2 (Opi3) perform a three-step methylation reaction of PE using S-adenosylmethionine as methyl donor. Pem1 catalyzes the first methylation step, while Pem2 is capable of promoting all three steps, albeit the last two steps with higher efficiency than the first one (72) (73) (74) (75) (76) (77) . Biosynthesis of PC is essential for the survival of the yeast cell (75) . Mice deficient in PE methyltransferase developed non-alcoholic steatohepatitis when fed with choline-deficient diet (78) . In humans, defects in the synthesis of PC were found in patients suffering from congenital muscular dystrophy (79) . Interestingly, the patient cells contained mitochondria with abnormal morphology, pointing to a role of PC in mitochondrial biogenesis (79) . However, it was unclear whether PC may also be required for the function of specific membrane-integrated proteins.
In the present study, we investigated the role of PC in the biogenesis of mitochondrial ␤-barrel proteins. Upon depletion of PC, the biogenesis of ␤-barrel proteins was severely impaired. We found that PC is required for stability of the SAM complex and promotes its functions in the biogenesis of ␤-barrel proteins and in the assembly of the TOM complex. In contrast to PE-depleted mitochondria, the binding of an arrested precursor to the TOM complex is not impaired. We conclude that PC and PE differently affect the protein translocases involved in the biogenesis of ␤-barrel proteins in mitochondria.
Experimental Procedures
Yeast Strains, Growth Conditions, and Isolation of Mitochondria-The yeast strains pem1⌬, pem2⌬, and their corresponding wild-type BY4741 were obtained from Euroscarf. The psd1⌬ strain and its corresponding wild-type were described (57) . Cells were grown to mid-logarithmic growth phase at 30°C in minimal medium containing 2% (v/v) glycerol and 0.1-0.2% (w/v) glucose as carbon source. Mitochondria were isolated by differential centrifugation as described (80) , shock frozen in S.E. buffer (10 mM MOPS/KOH, pH 7.2, 1 mM EDTA, 250 mM sucrose) and stored at Ϫ80°C until use.
Protein Import into Isolated Mitochondria-For import reactions proteins were synthesized in the presence of [ 35 S]methionine using a cell-free coupled transcription/translation system based on reticulocyte lysate (TNT, Promega). Subsequently, 35 S-labeled precursors were incubated with isolated mitochondria in import buffer (3% (w/v) BSA, 250 mM sucrose, 5 mM methionine, 80 mM KCl, 5 mM MgCl 2 , 10 mM MOPS/KOH pH 7.2, 10 mM KH 2 PO 4 ) containing 4 mM ATP, 4 mM NADH, 5 mM creatine phosphate, and 0.1 mg/ml creatine kinase. The import reaction was stopped by transfer on ice. Mitochondria were reisolated by centrifugation and washed with S.E. buffer. The mitochondrial pellet was resuspended in lysis buffer (20 mM Tris/HCl pH 7.4; 50 mM NaCl, 0.1 mM EDTA, 10% (v/v) glycerol) containing 0.4 -1% (w/v) digitonin for 15 min on ice. Insoluble material was removed by centrifugation and the import was analyzed by blue native electrophoresis (80) . After import of the Om45 precursor, mitochondria were treated with proteinase K to remove non-integrated precursor proteins (81) . To study membrane insertion of imported precursor proteins, mitochondria were subjected to carbonate extraction as previously described (37) . Aggregated 35 S-labeled precursor proteins were removed by preincubation in import buffer without mitochondria prior to the import reaction. After removal of insoluble proteins by centrifugation, the supernatant was added to mitochondria to start the import reaction.
Co-immunoprecipitation-For co-immunoprecipitation antisera against Tom22 and its corresponding pre-immune serum were covalently coupled to protein A-Sepharose (GE Healthcare) with dimethyl pimelimidate. Isolated mitochondria were resuspended in lysis buffer containing 1% (w/v) digitonin and incubated for 15 min on ice. Insoluble material was removed by centrifugation, and the supernatant was incubated with the antibody matrix for 1 h at 4°C under constant rotation. Subsequently, the protein A-Sepharose was washed with an excess amount of lysis buffer containing 0.1% (w/v) digitonin. Bound proteins were eluted with 0.1 M glycine (pH 2.5). The eluate was immediately neutralized by addition of 1 M TRIS-Base and analyzed by SDS-PAGE and Western blotting.
Phospholipid Analysis-Lipids of isolated mitochondria were extracted with a 2:1 (v/v) mixture of chloroform/methanol as described (45, 82) . Subsequently, the organic phase was washed with 0.034% (w/v) MgCl 2 , a 4:1 (v/v) mixture of 2 N KCl/methanol and a mixture of methanol/water/chloroform (48:47:3, per vol.). Individual phospholipids were separated by two-dimensional thin-layer chromatography (83) . For detection phospholipids were stained with iodine vapor, scrapped off, and quantified (84) .
Miscellaneous-All antibodies used in this study have been controlled with wild-type and the corresponding mutant mitochondria as described (21, 67) . After separation, proteins were transferred from the gel onto a PVDF membrane (Millipore) by semi-dry Western blotting. For immunodetection, signals of the bound antibodies were detected by enhanced chemiluminescence. 35 S-labeled proteins were detected by digital autoradiography (Storm imaging system, GE Healthcare). Autoradiograms were analyzed by the Image J software. ImageQuant 5.2 was used for quantification of the imported protein.
Results

PC Is Important for Biogenesis of Mitochondrial ␤-Barrel
Proteins-To study the role of PC in the biogenesis of mitochondrial ␤-barrel proteins, we used the yeast deletion strains pem1⌬ and pem2⌬, which are defective in the first and the last two methylation steps of PE, respectively. To block production of PC by the CDP-choline pathway, we grew the cells on minimal medium lacking free choline. We used glycerol as the major carbon source to ensure that mitochondrial function was required for growth of the cells. Growth of pem2⌬ cells was decreased at all temperatures tested, whereas pem1⌬ grew poorly at lower temperatures ( Fig. 1A) .
We isolated mitochondria from yeast cells grown at 30°C and analyzed the relative content of the main phospholipids. As expected, PC levels were strongly decreased in the pem1⌬ and pem2⌬ mutants, whereas relative amounts of PE and PI were increased (Fig. 1B) . In pem2⌬ cells predominantly the monomethylated form of PE accumulated (72) (73) (74) (75) 85) , which was not separated from PE in this analysis. Additionally, we observed a moderate reduction of the CL content in the PC-deficient mutant mitochondria (Fig. 1B) . As Pem2 can also catalyze the first methylation step to some extent, deletion of PEM1 was partially compensated (73, 77) , and a more pronounced reduction of the PC level was observed in pem2⌬ compared with pem1⌬ mitochondria (Fig. 1B ). Both mutant mitochondria were used to study the impact of PC-depletion on the biogenesis of the model ␤-barrel precursors Tom40 and Porin. Upon import, 35 S-labeled Tom40 forms three assembly stages, which can be resolved by blue native electrophoresis: The Tom40 precursor binds to the SAM complex (Fig. 1C, SAM) , is subsequently released in association with Tom5 (Fig. 1C , Int. II) before assembling into the mature TOM complex of 450 kDa (Fig. 1C, TOM) (19, 31) . In PC-deficient mitochondria the integration of the Tom40 precursor into intermediate II and the TOM complex was largely compromised (Fig. 1, C and D) . In addition, in pem2⌬ mitochondria the formation of the SAM intermediate was already decreased (Fig. 1, C and D) . Similarly, the assembly of imported Porin precursor was impaired in PCdepleted mitochondria (Fig. 1, E and F) . For comparison, we studied the ␤-barrel protein biogenesis in psd1⌬ mitochondria isolated from cells grown on minimal medium. In psd1⌬ mitochondria PC and PI levels were increased, whereas PE was decreased as described previously (Fig. 1B) (67, 85) . The import of Tom40 and Porin was blocked in psd1⌬ mitochondria (Fig.  1G ) consistent with the observation with mitochondria from psd1⌬ cells grown on complete medium (67) . We conclude from these results that the biogenesis of ␤-barrel proteins depends on the presence of both PC and PE.
PC Is Required for the Stability of the SAM Complex-Next, we asked which step of the ␤-barrel protein biogenesis was affected by depletion of PC. We first analyzed the steady state levels of various mitochondrial proteins. In pem1⌬ and pem2⌬ mitochondria protein levels of TOM and SAM subunits and other mitochondrial proteins were comparable to wild-type mitochondria ( Fig. 2A) . Importantly, also the content of the intermembrane space localized small TIM chaperone Tim10 was unchanged, which promotes transfer of ␤-barrel precursors to the SAM complex (21) (22) (23) . Thus, we excluded the possibility that decreased steady state protein levels of translocase subunits led to impaired ␤-barrel protein biogenesis in the mutant mitochondria.
As the SAM complex is crucial for ␤-barrel protein biogenesis, we wondered whether the integrity of the SAM complex was affected upon PC-depletion. To tackle this issue, we analyzed the SAM complex in pem1⌬ and pem2⌬ mitochondria by blue native electrophoresis. Two main populations of the SAM complex can be resolved on blue native gels: The SAM core complex of 200 kDa consisting of the three SAM subunits and the SAM-Mdm10 complex of 350 kDa, which additionally contains Mdm10 (Fig. 2B) (27, 36 -40) . Strikingly, increased amounts of a Sam35-Sam50 subcomplex were observed in PC-deficient mitochondria. In particular in pem2⌬ mitochondria less Sam37 was detected in the SAM complexes ( Fig. 2B) , although protein levels of Sam37 were not reduced ( Fig. 2A ). We conclude that PC stabilizes association of Sam37 with the Sam35-Sam50 subcomplex.
To analyze whether the accumulation of precursors at the SAM complex requires PC, we imported a Tom40 variant (Tom40 G354A ), which cannot be released from the SAM machinery (28) . Indeed, binding of Tom40 G354A to the SAM complex was decreased in pem1⌬ and pem2⌬ mitochondria (Fig. 3A) . Precursor transfer to the SAM complex occurs via a TOM-SAM supercomplex (21) . Previously, we have shown that the fusion construct of cytochrome b 2 (220) and Tom40 (b 2 (220)-Tom40) accumulates at the TOM-SAM supercom-plex in the absence of an inner membrane potential (21) . Applying this assay to PC-deficient mitochondria, we observed that the arrest of b 2 (220)-Tom40 at the TOM-SAM supercomplex was impaired in the mutant mitochondria ( Fig. 3B ). We conclude that already the binding of ␤-barrel precursors to the TOM-SAM supercomplex depends on the presence of PC.
PC and PE Differentially Affect the Function of the TOM
Complex-The import of ␤-barrel precursors into PE-depleted mitochondria is blocked at the TOM stage (67) . We wondered whether depletion of PC affects stability and function of the TOM complex, leading to decreased binding of ␤-barrel precursors to the TOM-SAM supercomplex. The level of the TOM complex, which migrates at 450 kDa on blue native gels, was only mildly affected in PC-deficient mitochondria (Fig. 4A) . Importantly, no subcomplex of lower molecular mass was detected, indicating that the TOM complex remained stable in the mutant mitochondria. Previously, it was reported that the association of the peripheral receptors Tom20 and Tom70 to the TOM complex is disturbed on blue native gels (86) . To study the interaction of TOM core subunits with the peripheral TOM receptors in mutant mitochondria, we performed co-immunoprecipitation using antibodies against Tom22. Both Tom20 and Tom70 were efficiently co-purified with antibodies directed against Tom22, but not with the corresponding preimmune serum (Fig. 4B, lanes 5-8) . We conclude that the TOM complex remains largely intact in PC-depleted mitochondria. To analyze the capability of the TOM complex to bind precursor proteins, we imported Oxa1 into the mutant mitochondria in the absence of an inner membrane potential. Under these conditions the hydrophobic Oxa1 precursor accumulates at the TOM complex, which can be detected on blue native gels (87) . Strikingly, the binding of the Oxa1 precursor to the TOM complex was not impaired in PC-deficient mitochondria (Fig. 4C, lanes 1-9) . In psd1⌬ mitochondria, however, the (n ϭ 3) . LP, lyso-phospholipids; DMPE, dimethylphosphatidylethanolamine; PA, phosphatidic acid. C, 35 S-labeled Tom40 precursor was imported for the indicated time periods into WT, pem1⌬, and pem2⌬ mitochondria. The import reaction was analyzed by blue native electrophoresis and autoradiography. SAM, Tom40 precursor bound to the SAM complex; Int. II, second assembly intermediate of the Tom40 precursor; TOM, Tom40 precursor assembled into the TOM complex. D, quantification of the three assembly steps of the Tom40 precursor in import assays as described in C. Means Ϯ S.E. (n ϭ 4). The formation of the SAM intermediate was quantified after 5 min of import; intermediate II was determined after 10 min of import and the formation of the TOM complex was quantified after 40 min of import. E, 35 S-labeled Porin precursor was imported for the indicated time periods into wild-type (WT), pem1⌬ and pem2⌬ mitochondria. The import reaction was analyzed by blue native electrophoresis and autoradiography. F, quantification of the assembly of the Porin precursor into the 400 kDa complex in import assays as described in E. Means Ϯ S. E. (n ϭ 3) . G, 35 S-labeled Tom40 (left panel) or Porin precursor (right panel) was imported for the indicated time periods into WT and psd1⌬ mitochondria. The import reaction was analyzed by blue native electrophoresis and autoradiography. FIGURE 2. The SAM complex is destabilized in PC-depleted mitochondria. A, indicated protein amounts of WT, pem1⌬, and pem2⌬ mitochondria were subjected to SDS-PAGE and immunodetection with the indicated antisera. B, WT, pem1⌬, and pem2⌬ mitochondria were subjected to blue native electrophoresis and immunodetection with the indicated antisera.
accumulation of the Oxa1 precursor at the TOM complex was compromised to a great extent (Fig. 4C, lanes 10 -15) (67) . We conclude that the stability and function of the TOM complex are not impaired in PC-deficient mitochondria. In contrast, PE promotes the interaction of precursor proteins with the TOM complex (67) .
PC Promotes the Assembly of Tom22 into the TOM Complex-We asked whether PC is generally required for the function of the SAM complex. Previous studies have shown that in addition to the biogenesis of ␤-barrel proteins, the SAM complex promotes insertion and assembly of the Tom22 precursor into the mature TOM complex (32, 35, 37 ). Thus, we tested whether the function of the SAM complex in the assembly of Tom22 requires PC. To this end, we imported 35 S-labeled Tom22 precursor into PC-deficient mitochondria. Strikingly, the assembly of Tom22 into the mature TOM complex was drastically affected in pem1⌬ and pem2⌬ mitochondria (Fig.  5A, lanes 1-9) , substantiating a specific role of PC in the function of the SAM complex. For comparison, the integration of Tom22 into the TOM complex was only mildly delayed in psd1⌬ mitochondria (Fig. 5A, lanes 10 -15) (67) . Similarly, the SAM-dependent integration of the Tom5 precursor into the TOM complex (31, 35) was delayed in the PC-deficient mutant mitochondria (Fig. 5B ), pointing to a defective function of the SAM complex in the assembly of the TOM complex. In contrast, the assemblies of 35 S-labeled Tom20 and Om45 precursors were not affected in PC-deficient mitochondria (Fig. 5, C  and D) . Thus, the biogenesis of outer mitochondrial membrane proteins is not generally blocked in the mutants. Interestingly, the Om45 precursor passes the TOM channel before it is -depleted mitochondria. A and B, 35 S-labeled Tom40 G354A (A) or b 2 (220)-Tom40 precursor (B) was imported for the indicated time periods into WT, pem1⌬, and pem2⌬ mitochondria. Import of the b 2 (220)-Tom40 precursor was performed after depletion of the inner membrane potential. Samples were analyzed by blue native electrophoresis and autoradiography. FIGURE 4. Precursor binding to the TOM complex is not affected in PC-depleted mitochondria. A, WT, pem1⌬, and pem2⌬ mitochondria were subjected to blue native electrophoresis and immunodetection with the indicated antisera. B, lysed WT, pem1⌬, and pem2⌬ mitochondria were subjected to coimmunoprecipitation with Tom22 specific antibodies or with the corresponding pre-immune serum (PI). Load and elution fractions were analyzed by SDS-PAGE and immunodetection with the indicated antisera. Load, 4%, elution, 100%. C, 35 S-labeled Oxa1 precursor was imported for the indicated time periods into WT, pem1⌬, pem2⌬, and psd1⌬ mitochondria after depletion of the inner membrane potential. The import reaction was analyzed by blue native electrophoresis and autoradiography. assembled into the outer membrane (81, 88) . Therefore, the transport of this precursor across the TOM complex was not impaired in PC-deficient mitochondria (Fig. 5D ). The precursors of Tom20 and Om45 are imported into the outer membrane in a SAM-independent manner (19, 34, 35, 81) . As SAM subunits promote membrane integration of the Tom22 precursor (35) , we investigated the insertion efficiency by carbonate extraction. Indeed, we found that integration of Tom22, but not of Tom20, into the outer mitochondrial membrane was compromised in pem1⌬ and pem2⌬ mitochondria (Fig. 5E ). We conclude that PC promotes both functions of the SAM complex: the biogenesis of ␤-barrel proteins and the assembly of the TOM complex.
Discussion
PC is the most abundant phospholipid of cellular membranes and crucial for the formation of the phospholipid bilayer. This also applies to mitochondrial membranes whose major phospholipid is PC. However, the influence of PC on integral membrane proteins in mitochondria has not yet been analyzed. In the present study we show that PC is specifically required for the functions of the SAM complex in the biogenesis of mitochondrial ␤-barrel proteins and the assembly of the TOM com-plex. This observation may have important implications for pathological developments like non-alcoholic steatohepatitis and congenital muscular dystrophy, which were found in tissues defective in PC synthesis (78, 79) .
The protein import pathway of ␤-barrel precursors involves the coordinated activity of two membrane-bound protein translocases and the integration of precursor proteins into a lipid bilayer. These membrane-localized steps might render the biogenesis of ␤-barrel proteins sensitive toward alteration of the phospholipid composition. So far, a role of the non-bilayerforming phospholipids CL and PE in the biogenesis of ␤-barrel proteins was reported (64, 67) . Here, we identified a novel function of PC in this process. Surprisingly, individual depletion of these three phospholipids affects different steps in the biogenesis of ␤-barrel proteins. First, CL is required for the stabilization of TOM and SAM complexes (64) . Second, depletion of PE affects binding of precursor proteins to the TOM complex, but not the stability of the translocases (67) . Third, we showed in this study that PC promotes the function of the SAM complex, whereas the precursor accumulation at the TOM complex and the transport of the Om45 precursor across the TOM channel remain largely unaffected upon depletion of PC. Interestingly, import and assembly of the Tom22 precursor is drastically FIGURE 5 . Biogenesis of Tom22 is impaired in PC-deficient mitochondria. A, 35 S-labeled Tom22 was imported for the indicated time periods into WT, pem1⌬, pem2⌬, and psd1⌬ mitochondria. The import reaction was analyzed by blue native electrophoresis and autoradiography. B-D, 35 S-labeled Tom5 (B), Tom20 (C), or Om45 precursor (D) was imported for the indicated time periods into WT, pem1⌬, and pem2⌬ mitochondria. The import reaction was analyzed by blue native electrophoresis and autoradiography. E, 35 S-labeled Tom22 (upper panel) or Tom20 precursor (lower panel) were imported for the indicated time periods into WT, pem1⌬, and pem2⌬ mitochondria. Subsequently, mitochondria were subjected to carbonate extraction. Proteins in the membrane fraction were analyzed by SDS-PAGE and autoradiography. The mock control represents an import reaction devoid of mitochondria.
diminished in PC-deficient mitochondria. Tom22 biogenesis depends on the SAM complex, indicating that PC is generally important for SAM function in mitochondria. Supporting this view, the SAM-mediated assembly of the Tom5 precursor into the TOM complex is delayed. In contrast, the non-bilayerforming phospholipids CL and PE are not required for the biogenesis of Tom22 (64, 67) . Moreover, the SAM-independent insertion of Tom20 occurs independently of CL, PE, and PC (64, 67, 68) . Thus, PC is specifically required for the SAM-dependent protein import pathways.
How do phospholipids affect TOM and SAM complexes? It was assumed that the non-bilayer-forming properties of CL and PE are important for the function of membrane-bound proteins by increasing the curvature stress within the membrane (41). Here, we found that the bilayer-forming phospholipid PC promotes the function of the SAM complex, indicating that further properties of phospholipids are crucial for the functionality of mitochondrial processes. The charge of the head group is an important feature of phospholipids. For instance, the activity of the respiratory chain depends on both CL and PE (47, 49, 57, 58) . While the negatively charged head group of CL stabilizes the supercomplex of cytochrome c reductase and cytochrome c oxidase (89), depletion of PE leads to the formation of higher oligomeric structure of the respiratory chain complexes (57) . PC and PE are the major phospholipids of the mitochondrial outer membrane and contain both a neutrally charged head group. Depletion of PE causes accumulation of PC and vice versa, pointing to similar structural and functional roles of both phospholipids (67, 85) . Nevertheless, PE and PC differentially affect the function of TOM and SAM complexes of the mitochondrial outer membrane. As depletion of PC does not affect precursor binding to the TOM complex, one can speculate that the activity of the TOM complex specifically depends on the presence of the non-bilayer-forming character of PE. Thus, the charge of the head group and the nature of the bilayer versus non-bilayer-forming character seem to be crucial for the specific roles of phospholipids in the biogenesis of mitochondrial ␤-barrel proteins.
Altogether, we can conclude that the phospholipids CL, PE and PC play different roles in the biogenesis of ␤-barrel proteins. The individual phospholipids specifically affect the function and stability of TOM and SAM complexes. These observations reflect the central role of the intimate interplay between membrane-embedded protein translocases and the surrounding phospholipid environment. Thus, in addition to proteinaceous components phospholipids turn out more and more to be important players for mitochondrial protein biogenesis. 
